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013.06.0Abstract A turbine blisk, which combines blades and a disk together, is one of the most important
components of an aero engine. In the process of blisk electrochemical machining (ECM), the sheet
cathode, which is usually used as a tool electrode, has a complicated structure. In addition to that,
the channel between the adjacent blades is narrow and twisted, so interference is apt to happen
when the sheet cathode feeds into the channel. Therefore, it is important to choose suitable trajec-
tory control strategy. In this paper, a new trajectory control strategy of the sheet cathode is pre-
sented and corresponding simulation analysis is conducted on the basis of an actual blisk model.
The simulation results demonstrate that the sheet cathode can feed into the channel by a spatial line
trajectory without interference. Moreover, the veriﬁcation experiments are carried out according to
the simulation. The experimental results show that the cathode can move into the channel without
interference. It is veriﬁed that the new trajectory control strategy is correct and can be used in the
blisk ECM process successfully.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Blisks (bladed integrated disks) are used for advanced heavy-
duty compressor rotors in military and also increasingly civil
turbine aircraft engines.1,2 The manufacturing challenges in
the production of blisk compressors are: hard-machiningof Mechanical and Electrical
eronautics and Astronautics,
4892195.
(D. Zhu).
orial Committee of CJA.
g by Elsevier
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12materials, ultrathin and complex blades, stringent quality
and accuracy requirements, etc. These challenges are aggra-
vated by even more demanding cost targets that can be
achieved only by means of innovative manufacturing
technologies.
Electrochemical machining (ECM) has become the preferred
manufacturing approach for blisks of nickel alloys, owing to the
signiﬁcant savings in tool cost. It is characterized by small gap
dimensions (usually 0.2–0.6 mm) between the electrode and a
workpiece. This enables high conformance of the workpiece
shape to that of the cathode. The ECM process does not gener-
ate any wear at the electrode, even when working on nickel al-
loys that are difﬁcult to be machined.3–5 It has been developed
and employed in highly specialized ﬁelds such as aerospace,
aeronautics, andmedicine.6–8 In themanufacturing of nickel-al-
loy blisk blades, a two-stage approach has been adopted. Firstly,SAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 Schematic illustration of the channels and the cathodes.
Trajectory control strategy of cathodes in blisk electrochemical machining 1065airfoils with a machining allowance are produced using the
ECM process in which the ruled surface is used to approximate
the freeform surface of a blade and the boundaries of the tunnel
are determined. Proﬁle ECM is then used to generate the ﬁnal
shape of airfoils and annulus.
Due to complexity of sculptured surface geometry, it is dif-
ﬁcult to obtain tool paths for sculptured surface machining.
Burns et al.9 illustrated a method and an apparatus for electro-
chemically machining airfoil blades in which the workpiece
moved in the Z direction toward the electrode. The tool path
between the electrode and channel of the workpiece was a lin-
ear path. Hinman and Conn10 developed a cathode which had
a pocket to receive an airfoil blade adjacent the individual
blade to be machined. The cathode fed along the axes or direc-
tions that were located at an inclined angle relative to the hor-
izontal, e.g., the X axes were oppositely inclined at a 30 angle
relative to the horizontal. Lamphere et al.11 proposed an elec-
trochemical apparatus and the cutter was rotated and plunged
twisted into the workpiece (blisk). McGee et al.12 expounded a
rotary drive subassembly (cathode) which was lowered down-
ward the workpiece so that the blades were positioned in the
slots. Wei et al.13 presented a multi-axis machine which was
used to drive the tool and workpiece movements necessary
to machine complex airfoil geometry. Ibler14 proposed a meth-
od of making a bladed rotor with the blades being machined
by ECM by means of forming cathodes reaching into the gaps.
Many efforts have been focused on ﬁnding the interference-
free tool path. Li et al.15 developed special CAD/CAM soft-
ware which consisted of ﬁve modules such as electrode design,
path searching, and machining simulation modules for electro-
discharge machining of shrouded turbine blisks. Zhan and
Zhan16 discussed the searching of an interference-free path
to feed the electrode to machine blisks in the electrical dis-
charge machining (EDM) process. Hu et al.17 presented a
new method for 5-axis machining of blisks and developed a
spiral tool path to ﬁnish milling thin-walled blades. Wu
et al.18 described a new method which was based on the qua-
dratic programming to generate an interference-free tool path
to manufacture shrouded turbine blisks in EDM. Xu et al.19
proposed an optimization method which optimized the move-
ment paths of the tool cathode on the blade tip and foot cylin-
der surfaces in ECM of blisk channels, and the new paths were
obtained by ﬁtting the midpoints of vertical lines into the
splines based on the sample points of the old paths. Wang
et al.20 proposed a fractional step method for machining
large-diameter blisks on the basis of analysis of the blade fea-
tures and a comparison of the available process schemes. Zhu
et al.21 promoted a combined slice cathode for producing big
twisted blades.
According to the structures of the sheet cathode and the
channel together with the characteristics of blisk ECM, a
new trajectory control strategy of the sheet cathode is investi-
gated for interference-free feed in multi-axis feeding process in
this study. The strategy includes three main parts: (1) discret-
ization treatment of the sheet cathode and the channel; (2)
determination of the optimization criteria of the feeding direc-
tion; (3) simulation of the feeding process. Then, correspond-
ing simulation analysis is done based on an actual blisk
model according to the new strategy. The simulation results
demonstrate that the sheet cathode can feed into the channel
by a space line trajectory without interference. Moreover, the
veriﬁcation experiments are carried out on the basis of thesimulation. The experimental results show that the cathode
can move into the channel with no interference. It is veriﬁed
that the new trajectory control strategy is accurate and can
be used in the blisk ECM process. This new method can also
be applied to many other machining applications involving
complicated geometrical shapes.
2. Description of the feeding process
2.1. Blisk structure introduction
A blisk is a key engine component comprising a rotor disc and
blades, which is machined from a solid piece of material. It is
made from a high-temperature alloy (e.g., nickel-based alloy or
titanium alloy) and hence, is difﬁcult to be machined. In addi-
tion, its geometrical shape is complicated involving many semi-
enclosed, twisted, and free-form surfaces. In order to ensure
the best performance, its dimensional accuracy is highly
demanded.
In the blisk ECM process, there are generally two machin-
ing steps named rough machining and ﬁnish machining. After
rough machining, a blisk is divided into two regions, the
blanks and the channels (see Fig. 1). The channels are where
the cathodes are fed into, and the schematic feeding direction
is shown in the ﬁgure. The blanks have bigger machined sur-
face errors than the given tolerance and should be machined
by the blade basin and back cathodes in the ﬁnish machining
process. The cathodes continuously machine an unﬁnished
blade until the machined surface errors are smaller than or
equal to the given tolerance. The main research content of this
paper is the cathode feeding process which happens between
the rough and ﬁnish machining.
The blank generally has enough allowance for a blade’s ﬁ-
nal forming, so a narrow channel is left. Meanwhile, the allow-
ance on the blade basin and back proﬁles must be uniform so
that over-cutting in blade machining can be avoided. Because
the blade surface is complicated, the blank surface is also com-
plicated. Due to the complicated blank surface and the narrow
channel, it is very difﬁcult for the cathode feeding process to be
conducted. Therefore, ﬁnding an appropriate and accurate
interference-free tool path is very necessary and important;
Fig. 3 Distance diagram between the blade back cathode and
the channel.
1066 D. Zhu et al.such a tool path can also be applied to many other machining
ﬁelds where complicated geometrical shapes are involved.
2.2. Feeding process introduction
In the feeding process, the cathode should not interfere with
the channel. Otherwise the cathode will be deformed even
damaged. When interference is about to happen between the
cathode and the channel, the feeding direction of the cathode
should be adjusted at once to be far away from the interference
proﬁle. In this way the cathode will continue to feed along the
new direction. The feeding process will cycle until the cathode
feeds in the right position. Then the initial machining position
can be conﬁrmed for the following ECM experiments. The
ﬂow chart of the cathode feeding process is shown in Fig. 2.
To decrease the interference occurrence probability, the
cathode position should be obtained in real time by detecting
the distances from the cathode which has fed in the channel
to the blank proﬁle. The distance distribution has a guiding
role to the optimization of the feeding path.
The detecting distance diagram is shown in Fig. 3. The
coordinate system has three coordinate shafts named U, V
and W. When the blade back cathode feeds into the channel.
The deﬁnitions of D1, D2, and D3 are given as follows: distance
from the cathode’s working face to the channel’s blade back
proﬁle D1, distance from the cathode’s non-working face to
the channel’s blade basin proﬁle D2, and distance from the
cathode tip to the channel hub D3. In the feeding process, D1
and D2 should be detected in real time and their values should
be close to each other to make the cathode stay in the middle
of the channel. D3 should be detected simultaneously. When
D3 is smaller than a constant (normally 0.5–1.0 mm according
to the ECM theory), the cathode is in the right place, which
lays a foundation for the ECM experiment.
3. Mathematical models for trajectory control strategy
According to the feeding process, the procedure of the feeding
strategy is composed of three steps: discretization treatment ofFig. 2 Flow chart of cathode feeding.the cathode; determination of the optimal rule; and feeding
simulation.
3.1. Discretization treatment of the cathode
To detect the distances between the cathode and the channel,
the cathode should be discretized. After discretization treat-
ment, the distances from the dots on the cathode to the chan-
nel can be acquired. Then the feeding direction can be adjusted
according to the distance distribution for an interference-free
tool path.
The concrete method for cathode proﬁle discretization is as
follows (see Fig. 4):
(1) Segment the cathode proﬁle along the blisk’s radial
direction into l sections. The sections are denoted by
U1, U2, . . ., Ui, . . ., Ul (i= 1, 2, . . ., l). Segment the cath-
ode proﬁle along the blisk’s axial direction into m sec-
tions. The sections are denoted by V1, V2, . . ., Vj, . . .,
Vm (j= 1, 2, . . ., m). Segment the cathode tip along
the blisk’s axial direction into n lines. The lines are
denoted by W1, W2, . . ., Wk, . . ., Wn (k= 1, 2, . . ., n).
(2) Sections U and V intersect the cathode’s non-working
face at point P, which are denoted by P11, P12, . . ., Pij,
. . ., Plm. Sections U and V intersect the cathode’s work-
ing face at point Q, which are denoted by Q11, Q12, . . .,
Qij, . . ., Qlm. Line W intersects section V at point R,
which are denoted by R11, R12, . . ., Rkj, . . ., Rnm and
all on the cathode’s tip face.
(3) Calculate the normal directions of points R, P, and Q on
the cathode proﬁle. The normal lines intersect the channel
proﬁle at points R0, P0, and Q0. Connect RR0, PP0, and
QQ0. The RR0 length denotes the distance between the
cathode tip and the channel hub. The PP0 length denotes
the distance between the non-working face and the blade
basin proﬁle (see Fig. 5). The QQ0 length denotes the dis-
tance between the working face to the blade back proﬁle.3.2. The criteria for trajectory control strategy
After cathode discretization, the working face, the non-work-
ing face, and the tip face are transformed into a series of
points. Then, according to the feeding criteria, the feeding
direction can be achieved by detecting the distances between
Fig. 5 Distances distribution between the cathode and the
channel.
Fig. 4 Section distribution in the U, V, and W direction.
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as follows.
The distance between Qij and Q
0
ij is denoted by D1ij:
D1ij ¼ kQij Q0ijk ð1Þ
where D1ij represents the distance between the working face
and the blade back proﬁle. Seek the minimum of all the D1ij
values and the minimum is denoted by D1min.
D1min ¼ minfD111;D112; . . . ;D1ij; . . . ;D1lmg ð2Þ
The distance between Pij and P
0
ij is denoted by D2ij:
D2ij ¼ kPij P0ijk ð3Þ
where D2ij represents the distance between the non-working
face and the blade basin proﬁle. Seek the minimum of all the
D2ij values and the minimum is denoted by D2min.D2min ¼ minfD211;D212; . . . ;D2ij; . . . ;D2lmg ð4Þ
Calculate the absolute difference and sum values of D1min
and D2ij. The ratio of the difference value to the sum value is
denoted by De.
De ¼ jD1min D2minj=ðD1min þD2minÞ ð5Þ
where De reﬂects the departure degree of the cathode position
in the channel. De value ranges from 0 to 1. If De is close to 1,
the feeding direction should be adjusted because the cathode is
not in the middle of the channel. After the direction is changed,
D1min will be close to D2min. Then the cathode continues to
feed. If D1min and D2min approach 0 simultaneously, it means
that the cathode cannot feed into the channel. The cathode
should be redesigned to reduce its thickness.
The distance between Rkj and R
0
kj is denoted by D3kj:
D3kj ¼ kRkjR0kjk ð6Þ
D3kj represents the distance between the cathode tip and the
blisk hub. Seek the minimum of all the D3kj values and the
minimum is denoted by D3min.
D3min ¼ minfD311;D312; . . . ;D3kj; . . . ;D3nmg ð7Þ
where D3min represents the minimum distance between the
cathode and the blisk hub. When D3min = e (e is a constant
and its value is determined by the ECM law. e equals to
0.5 mm in this paper), the cathode will feed in the right place
and the feeding process will be completed.
3.3. Feeding simulation of an actual blisk model
According to the feeding strategy criteria, the feeding simula-
tion can be performed by means of motion simulation modules
based on the Unigraphics (UG) platform. The simulation can
analyze the feeding trajectory dynamically in order to ﬁnd an
interference-free tool path and lay a foundation for blisk
ECM experiments.
Based on the blisk model, the blade basin and back can be
designed on the basis of the ECM shaping law. The partial
data of machining gaps of the blade back and basin cathodes
are shown in Table 1. Then the feeding path can be simulated
in accordance with the feeding strategy. The simulation pro-
cess is shown in Fig. 6. The ﬁgure illustrates the cathode and
blisk models as well as the initial, neutral, and ﬁnal positions
of the cathodes. The simulation results show that the cathodes
can feed into the channel in a 3-dimensional direction without
interference. The blade back cathode can feed in with a veloc-
ity of (1.7, 0.3, 0.2) mm/step, and the blade basin cathode can
feed in with a velocity of (1.6, 0.3, 0.2) mm/step.
On the basis of the simulation process, 5 steps are chosen to
analyze the distances distribution between the cathode and the
channel. Table 2 describes the distances between the blade ba-
sin cathode and the channel, while Table 3 describes the dis-
tances between the blade back cathode and the channel.
As shown in Table 2: (1) the values of D1min and D2min de-
crease with the cathode feeding-in. It indicates that the smaller
the value of D3min becomes, the more difﬁcult the feeding pro-
cess will be and the easier the cathode will interfere with the
channel; (2) the values of De are below 0.2. It indicates that
the cathode is in the middle of the channel although the dis-
tances become narrow between the cathode and the channel.
Furthermore, it also shows that the feeding direction is
appropriate.
Table 1 Partial data of machining gap.
Position Gap(mm)
1 2 3 4 5
Blade basin Root 0.540 0.488 0.469 0.466 0.466
Body 0.405 0.402 0.398 0.396 0.394
Tip 0.394 0.379 0.371 0.367 0.364
Blade back Root 0.596 0.526 0.484 0.462 0.455
Body 0.412 0.403 0.396 0.391 0.387
Tip 0.404 0.383 0.373 0.366 0.361
Fig. 6 The simulation of cathode feeding trajectory.
Table 2 Distances between blade basin cathode and channel.
D Step
1 2 3 4 5
D1min (mm) 2.144 1.528 0.941 0.612 0.549
D2min (mm) 2.795 2.268 1.352 0.847 0.712
D3min (mm) 25.225 18.824 12.424 6.024 0.500
De 0.132 0.195 0.179 0.161 0.129
Table 3 Distances between blade back cathode and channel.
D Step
1 2 3 4 5
D1min (mm) 0.923 0.893 0.875 0.767 0.342
D2min (mm) 0.517 0.523 0.611 0.757 0.799
D3min (mm) 25.455 18.058 12.659 6.257 0.500
De 0.282 0.261 0.178 0.007 0.401
Fig. 7 Initial position of practical cathodes.
Fig. 8 Finial position of practical cathodes.
1068 D. Zhu et al.As shown in Table 3: (1) the values of D1min and D2min of
the blade back cathode is smaller than those of the blade basin
cathode from the whole aspect. D1min becomes smaller while
D2min becomes bigger with the cathode feeding-in. The change
degree of D1min and D2min is small; (2) the values of De are be-
low 0.4. It illustrates that the cathode does not deviate from
the middle of the channel although D1min and D2min of theblade back cathode are smaller than those of the blade basin
cathode. In addition, it shows that the feeding direction is
suitable.
4. Experiments
According to the simulation results, veriﬁcation experiments
are carried out by using practical cathodes and blisk sector.
The initial positions of the cathodes are shown in Fig. 7. The
blade basin and back cathodes feed into the channel respec-
tively along the direction obtained in above paragraphs. The
ﬁnal position can be seen in Fig. 8. There is no interference
in the feeding process. It illustrates that the simulation process
is correct.
After the cathodes feed into the channel, the ECM experi-
ments are carried out. In the process, the electrolyte is NaNO3
and its temperature is set at 30 C. The power supply is a 15 V
DC voltage. The cathode moves to the workpiece at a velocity
of 0.3 mm/min. The electrolyte pressure at the inlet is 0.7 MPa
and the back pressure is 0.2 MPa. Table 4 shows the machining
conditions.
Table 4 Machining conditions in ECM.
Voltage (V) Electrolyte Inlet pressure (MPa) Back pressure (MPa) Materials Temperature (C)
15 10% NaNO3 0.7 0.2 Q235 30
Fig. 9 W-shape electrolyte ﬂow mode.
Fig. 10 ECM ﬁxture.
Fig. 11 An experimental sample.
Table 5 Partial data of machining accuracy.
Position Accuracy(mm)
1 2 3 4 5
Root 0.139 0.087 0.011 0.904 0.152
Body 0.120 0.073 0.015 0.053 0.101
Tip 0.142 0.092 0.020 0.068 0.135
Trajectory control strategy of cathodes in blisk electrochemical machining 1069The electrolyte ﬂow mode is shown in Fig. 9. In this ﬂow
mode, the electrolyte ﬂows into the channel from the inlet
and back to the electrolytic cell from the electrolyte outlet.
This kind of ﬂow mode is of great help to improve the surface
quality of the blade22.
The experiments are conducted on an ECM machine. The
ECM ﬁxture made of epoxy materials is displayed in Fig. 10.
As Fig. 10 shows, there are two electrolyte inlets on the ﬁxture
top and one electrolyte outlet in the front side. The cathode is
made of stainless steel and the workpiece material is a nickel-
based alloy. The blade basin and back cathodes feed bilaterally
to the workpiece respectively in the process.
The experiments are conducted under machining conditions
mentioned above. One of the samples is shown in Fig. 11. The
experimental results show that the new trajectory control strat-
egy is correct and can be used in the blisk ECM process.
The machining accuracy of the sample is measured by a 3D
coordinate measuring machine and the data are displayed in
Table 5.
As shown in Table 5, the machining error at the blade root
is 0.291 mm, at the blade body 0.221 mm, and at the blade tip
0.277 mm. The results illustrate that the machining errors are
from 0.221 mm to 0.291 mm. The main reason for the machin-
ing errors is that the cathode proﬁle has design errors. Cathode
design is a difﬁcult project because of the complicated ECM
shaping law. The machining errors at the blade root and tipare larger than those at the body because the ﬂow ﬁeld is more
stable at the body than at the root and the tip.
5. Conclusions
(1) The mathematical models for trajectory control strategy
of a sheet cathode are presented to realize an interfer-
ence-free feeding process in blisk ECM.
(2) The feed simulation analysis of the cathodes, based on an
actual blisk model, is done. The results show that the
blade back cathode can feed in the channel with a velocity
of (1.7, 0.3, 0.2) mm/step, and the blade basin cathode
can feed in with a velocity of (1.6, 0.3, 0.2) mm/step.
(3) The veriﬁcation experiments are carried out according to
the simulation. The experimental results show that the
cathodes can move into the channel without interference.Acknowledgements
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